Abstract. Leonurine is a compound derived from Herba leonuri, which has been reported to protect cardiac tissue against ischemic injury via antioxidant and anti-apoptosis effects. The present study investigated whether these effects may be applied to acute myocardial infarction (MI) and examined the underlying mechanisms of leonurine treatment. A rat model of MI was induced by coronary artery ligation. Leonurine was administered at 15 mg/kg/day by oral gavage following the onset of MI. Rats in the sham group and the saline group were administered with an equal volume of saline. Echocardiography, Masson's trichrome staining, and terminal-deoxynucleotidyl transferase-mediated dUTP nick end labeling assays were performed 28 days post MI. The expression of B-cell lymphoma-2 and Bax were assessed by western blot analysis and reverse transcription-quantitative polymerase chain reaction. Phosphoinositide 3-kinase (PI3K), protein kinase B and glycogen synthase kinase-3β (GSK3β) protein expression were investigated by western blot analysis. Leonurine significantly alleviated collagen deposition and MI size, inhibited cell apoptosis and improved myocardial function. This was accompanied by significantly increased levels of phosphorylated (p)-PI3K, p-AKT, p-GSK3β and Bcl-2, as well as significantly decreased levels of caspase3, cleaved-caspase3 and Bax following MI. The results demonstrated that leonurine exerts potent cardio-protective effects in a rat model of MI by inducing anti-apoptotic effects by activating the PI3K/AKT/GSK3β signaling pathway.
Introduction
Ischemic heart disease, especially myocardial infarction (MI), remains the leading cause of death in the world (1) . Sustained myocardial ischemia causes multiple kinds of damage to cardiac tissue (2) . It is of great importance to alleviate detrimental damage by MI with pharmacological treatment.
Apoptosis plays a key role in the pathogenesis of myocardial ischemia, indicating that inhibition of myocardial apoptosis could decrease or alleviate the loss of terminally differentiated myocardial cells (3, 4) . Thus, an anti-apoptosis and anti-necrotic strategy serves as a potential target for multiple therapies of myocardial ischemia (5) . The phosphoinositide 3-kinase (PI3K)/AKT/glycogen synthase kinase-3β (GSK3β) pathway plays a key role in the regulation of anti-apoptosis in multiple tissues, including heart, brain, ovaries and kidney.
Herba leonuri, one kind of traditional Chinese medicine, has been widely used to treat dysmenorrhea, menoxenia and gynecological dysfunctions (6) . Several reports of pharmaceutical preparations based on H. leonuri suggest that it may have protective effects against cardio-cerebral vascular diseases (7, 8) . Leonurine, a specific component of H. leonuri, has been reported to reveal cardio-protective effects in vivo and in vitro (9, 10 ). Leonurine's effects also result in increased phosphorylation of AKT and expression of HIF-1, Surviving and VEGF in rats with myocardial ischemia. Leonurine also inhibited apoptosis in H9c2 cell under hypoxia by increasing expression of the anti-apoptotic protein Bcl-2 and decreasing expression of the pro-apoptotic protein Bax (11) . Although multiple studies have been carried out to study the effect of Leonurine on myocardial protection, the underlying mechanisms remain unclear. Thus, in the present study, we investigated the mechanism of cardio-protection by Leonurine in rats with MI.
Materials and methods
Our study included 45 male SD rats (200-250 g) The rats in the Leonurine group were treated with Leonurine (24697-74-3; Shanghai Yanyi Biotechnology Co., Ltd., Shanghai, China) at 15 mg/kg/d by oral gavage after the onset of MI for 28 days. The rats in sham group and NS group were administered with equal volume of saline in the same manner. According to previous study, Leonurine at both 15 and 30 mg/kg decreased myocardial fibrosis and down regulated Nox4-ROS-NF-κB pathway, while there was no significant difference in inhibiting cell fibrosis between these two doses (12) . And in Liu et al study, only 15 mg/kg/day of Leonurine significantly reduced neurological deficits and brain infarct volume compared with 7.5 mg/kg/day of leonurine or vehicle group (13) . Therefore the dose of leonurine in our present study is relatively low but safe and effective without causing any side effects.
Echocardiography. On Day 1 and Day 28 after the MI surgery, all the rats were anesthetized with their chest shaved. We used a transthoracic echocardiography (Acuson, Mountain View, CA, USA) which was equipped with a 3-to 7-MHz probe to investigate their left ventricular (LV) dimension and heart function in the long-axis and short-axis views in a blind manner. The animals with visual infarct areas less than 20% in the short-axis view were excluded in order to minimize the variation in infarct areas. LV end-systolic diameter (LVESD), LV end-diastolic diameter (LVEDD), and ejection fractional (EF) were assessed.
Histopathological examinations. All the rats were sacrificed using a pentobarbital overdose (200 mg/kg) after the echocardiography assessment. The heart was immediately removed into diastole with 10% KCl and the ventricles parts were fixed in 10% (vol/vol) buffered formalin solution. Masson's trichrome stain and immunohistochemistry were conducted on five different transversal levels in the peri-injection site subsequently after embedded. In all 3 animal groups, MI area and collagen content were investigated in sections obtained from the border zone (about 2 mm from the infarction zone edge) via light microscopy. In each LV transverse section, 4 random microscopic fields were chosen in a blind fashion and subsequently examined. By computer image analysis software, the surface area of infarct wall and the entire surface area of the left ventricle (magnification, x10) was automatically calculated, and the ratio of the former to the latter was identified as the Infarct size (%). The image analysis software was also used to calculate the Collagen content (%), which was identified as the ratio of the area of collagen to the area of the entire high-power field (magnification, x200).
TUNEL assay. Twenty-eight days post the MI surgery, the apoptotic cells in the LV were examined using a TUNEL assay (Roche Diagnostics GmbH, Mannheim, Germany). As instructed by the manufacturer, we stained the nuclear DNA fragments in the apoptotic cells using the transferase dUTP nick-end labeling technique and the hematoxylin counterstaining. In a blind manner, we selected three random fields (magnification, x400) in each slide and calculated the TUNEL-positive nuclei via a microscopy. The apoptotic index (%) was termed as the ratio of the number of TUNEL-positive nucleolus to the total number of nuclei.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
At 28 days post the MI surgery, we collected the peri-infarct area of the hearts to do the total RNA isolation with TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). According to the manufacturer's descriptions, we reverse transcribed complementary DNA (cDNA) from total RNA with oligo (dT) primers (Shanghai Sangon BET Company, Shanghai, China), then amplified DNA fragments with a SYBR-Green-based assay kit (Invitrogen; Thermo Fisher Scientific, Inc.). The RT-qPCR started at 42˚C for 1 h, 95˚C for 5 min to make the cDNA; then followed the condition including 1 cycle at 50˚C for 2 min and 95˚C for 10 min, 40 cycles at 95˚C for 30 sec and 60˚C for 30 sec. The RNA level of Bax and Bcl-2 were calculated according to CT values between the experimental group and the control group. β-actin was used as the housekeeping gene. The specific primer sequence and amplicon size of the selected genes are listed in Table I .
Western blot analysis. At 28 days post the MI surgery, western blotting was conducted with the peri-infarct area of the hearts. The Bicinchoninic Acid protein assay (Beyotime Institute of Biotechnology, Haimen, China) was used to examine the protein concentration. We added 50 µg of denatured protein in each hole of the 10% SDS-polyacrylamide gels and transferred the protein to a PVDF membrane (EMD Millipore, Billerica, MA, USA). Membranes were probed with first antibodies against PI3K (1:1,000; Cell Signaling Technology, Inc., Danvers, MA, USA), p-PI3K (1:300; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), AKT (1:1,000; Cell Signaling Technology, Inc.), p-AKT (1:800; Cell Signaling Technology, Inc.), GSK3β (1:1,000; Abcam, Cambridge, UK), p-GSk3β (1:800, Abcam), Caspase3 (1:300; Santa Cruz Biotechnology, Inc.), Cleaved-caspase3 (1:1,000; Cell Signaling Technology, Inc.), Bax (1:200; Santa Cruz Biotechnology, Inc.), Bcl-2 (1:200; Santa Cruz Biotechnology, Inc.), and second antibodies as HRP goat-anti-rat, HRP goat-anti-rabbit, HRP rabbit-anti-goat. Finally the blots were analyzed with the ImageJ software after been visualized by the chemiluminescence methods. GAPDH was termed as an internal control.
Statistical analysis. The data were showed as the mean ± standard deviation. We used one-way ANOVA's test and the Student-Newman-Keuls' test to analyze the data. P<0.05 was considered to indicate a statistically significant difference.
Results
Totally 45 rats were initially used in this project. According to original weight from low to high, 45 rats were ear-marked with tags ranking number 1-45. Then, we transcribed random numbers from the random number table from the first number at the first row and copied down 45 numbers between 1 and 99. Each number was divided by 3, and the remainder 1, 2 and 3 is on behalf of the group sham, NS and Leonurine respectively. In case one or more groups had more than 15 rats, for example the NS group had 16 rats, we continued to record 1 number between 1 and 99 from the 46 number and divided by 3, then this remainder stood for the corresponding rat would be included into next group which was less than 15 rats. Finally, the above three groups owned 15 rats, respectively. A total of 3 rats (in sham group) were dead because of hyper-anesthesia before surgery. A total of 5 rats (3 in NS group and 2 in Leonurine group) died because of left heart failure combined with wound infection within 1 week post MI experiments. One rat (in Leonurine group) was excluded as infarct size was less than 20%. None of the rest rats died with unexplained reasons or suffered from any side effects such as vomiting, decreased body weight, hair loss or physical weakness. At 28 days after the MI surgery, all the rats were investigated on the heart functions with Echocardiography before been sacrificed. And for each group, we as well chose transcribed random numbers from the random number table from the first number at different rows and copied down 12 numbers between 1 and 99, and divided by 2, with the remainder 1 and 2 on behalf of histological staining (6 rats) and biochemical testing (6 rats). Thus 6 rats from each group were chosen from random selection and sacrificed to measure infarct size, collagen content and apoptosis index, while another 6 rats from each group were sacrificed to perform western blot and RT-PCR analyses.
LV diameter and LVEF. The first day after MI, the NS and the Leonurine group showed an obvious impaired heart function (decreased LVEF and increased LV diameters) compared with the sham group, while the NS group and the Leonurine group showed similar heart function between each other (data not shown). At 28 days after MI, the MI groups still showed an impaired heart function (significant increase in the LVESD and LVEDD and an obvious decrease in the LVEF) compared to the sham group (LVESD, 5.58±0.15 mm; LVEDD, Table I 
Name
Primer Sequence Size
Bcl-2, B-cell lymphoma-2; bp, base pairs; F, forward; R, reverse. Infarct size. At 28 days after MI, the Leonurine group (34.49±1.19%) showed a significant reduction in infarct size compared with the NS (43.66±1.60%) group (P<0.05; Fig. 2 ).
Collagen content. At 28 days after MI, collagen content was remarkably increased (P<0.05; Fig. 3 ) in the MI group compared with the sham (5.52±0.46%) group. After Leonurine (24.99±1.63%) treatment, the collagen content was remarkably decreased compared with the results of the NS group (48.55±3.24%).
Apoptosis. At 28 days after MI, the NS (27.21±0.84%) and Leonurine group (17.28±0.82%) exhibited an obvious increase (P<0.05; Fig. 4 ) of the apoptosis index compared with the sham group (2.5±0.66%), while the Leonurine group showed a smaller apoptosis index (P<0.05; Fig. 4 ) compared with the NS group (Fig. 4) .
Expression of PI3K/AKT/GSK3β signaling pathway and apoptosis-related proteins.
The gene expression of Bax in NS group 28 days after MI is higher than the expression in the sham group, though not to a statistically significant extent (Fig. 5) . However, the Leonurine group had significantly decreased the gene expression of Bax while increased the gene expression of Bcl-2 compared with the result in the NS group (Fig. 5A) . Thus, the ratio of Bcl-2/Bax was significantly increased in the Leonurine group compared with that of NS group. The NS group showed a smaller ratio of Bcl-2/Bax than the sham group. The protein expression of Bax and Bcl-2 had the same development trend in genetic levels (Fig. 6A) . The protein level of PI3K in all the groups had no significant difference, but MI significantly decreased the level of p-PI3K. Treatment with Leonurine significantly up-regulated the phosphorylation of PI3K, accompanied with a significantly increased ratio of p-PI3K/PI3K (Fig. 6B) .
The protein level of AKT was significantly decreased in the Leonurine group compared with the NS and sham group. The protein level of p-AKT was decreased significantly in the NS group compared with the sham group. After treatment with Leonurine, p-AKT was significantly up-regulated, so as to significantly increase the ratio of p-AKT/AKT in the Leonurine group (Fig. 6C) .
The total protein level of GSK3β in the three groups had no obvious difference. However the p-GSK3β was significantly down-regulated in the NS group and significantly up-regulated in response to Leonurine treatment. Moreover, the ratio of p-GSK3β/GSK3β was significantly increased in the Leonurine group compared to that of the NS group (Fig. 6D) .
Caspase3 was significantly decreased in the NS group and Leonurine group compared with the sham group. The cleaved-caspase3 had been activated and cleaved in the NS group. However treatment with Leonurine significantly reduced the cleaved-caspase3 expression. Thus the ratio of cleaved-caspase3/caspase3 is significantly decreased in Leonurine group compared with that in NS group and sham group (Fig. 6E) .
Discussion
The present study demonstrated that Leonurine significantly decreased the stretch of the infarct zone, alleviated the deposition of collagen, inhibited the apoptosis of cardiomyocytes, prevented LV dilation and improved cardiac function. These effects were due to that the Leonurine activated PI3K/AKT/GSK3β signaling pathway and decreased the expression of pro-apoptosis protein Bax and the activation of apoptosis marker caspase3, and increased the expression of anti-apoptosis protein Bcl-2.
With the feature that myocardium is terminally differentiated tissue, it is critical to preserve cardiomyocyte viability against ischemia diseases. The wide occurrences of cell apoptosis in the ischemic heart, especially in the peri-infarct size, largely hinder the recovery of cardiac function. Therefore, activation of the anti-apoptosis signaling pathway and expression of specialized anti-apoptotic proteins is crucial in preserving cardiac function during ischemia.
The PI3K/AKT/GSK3β signaling pathway has been well documented in mediating growth, differentiation, proliferation and cell survival. In Yu-Shengyou' study, Dex induced anti-apoptotic effects through activating PI3K/AKT and the downstream target GSK3β against PAN-induced apoptosis in cultured podocytes (14) .
PI3K, named phosphatidylinositol 3-kinase, specifically catalyzes the phosphorylation of the hydroxyl group on the 3 position of phosphatidylinositol (PI), forming 3, 4-diphosphate phosphatidylinositol and 3, 4, 5-triphosphate phosphatidylinositol which are downstream messengers to activate AKT (15) . AKT is a member of serine/threonine-protein kinases that contain SH2 (Src homology 2-like) domains and is commonly referred to as PKB.
PI3K/AKT is a critical signaling pathway mediating survival, growth and apoptosis (16) . In Hirokazu Ohashi' study, PI3K/AKT induces the expression of surviving and decreases the activity of Caspase-3 to inhibit the apoptotic effects induced by Angiotensin II in microvascular endothelial cells (17) . Moreover, EPO reduced myocardial apoptosis and enhanced cardiac-protection under hypoxia and ischemia conditions by activating the PI3K/AKT signaling pathway (18, 19) . It is likely that in the Yizhun Zhu' study, PI3K/AKT plays an important role in ischemia heart diseases (2, 11) .
GSK3 belongs to the serine/threonine-protein kinase family and consists of GSK3α and GSK3β (20, 21) . GSK3β, a main downstream substrate of AKT, participates in the PI3K/AKT pathway regulating glycogen and protein synthesis, cell growth and anti-apoptosis (22, 23) . Activated AKT can inhibit activation of GSK3β by phosphorylating GSK3β at the Ser residue, and decrease the expression of Caspase3 as they induce anti-apoptosis effects (24, 25) . AKT further facilitates the phosphorylation of GSK3β at the Ser residue and p-GSK3β induces β-catenin phosphorylation to promote cell survival (26). Wagner C found that post-treatment rats model in vivo would obviously decrease the infarct size through mediating PI3K/AKT to increase the expression of p-GSk3β (Ser9) (27) .
In this study, we observed a small decrease of PI3K with a significant increase of p-PI3K in the Leonurine group compared to the sham and NS group. Thus there was a significant increase of the ratio of p-PI3K/PI3K after the treatment with Leonurine for 28 days after MI.
To test whether AKT expression relevantly changed, we investigated the level of AKT and p-AKT in the three groups. We found that both p-AKT and the ratio of p-AKT/AKT were significantly increased in the Leonurine group compared to the sham and NS group. We also observed a similar change in p-GSK3β. There was increased p-GSK3β expression and a higher ratio of p-GSK3β/GSK3β in the Leonurine group compared to the sham and NS group. GSK3β further activated the Bax family and Caspase family of apoptosis mediating kinases (26,28).
Thus, we suggest that treatment with Leonurine induces phosphorylation of PI3K, then the activated p-PI3K facilitates downstream molecule AKT to be phosphorylated. Subsequently, the p-AKT inhibits its downstream target protein GSK3β. Ultimately the activated PI3K/AKT/GSK3β signaling axis induces anti-apoptotic effect with the treatment of Leonurine in rats 28 days after MI.
The Bcl-2 family is a potent regulator of apoptosis pathways and it includes both anti-apoptotic proteins and pro-apoptotic proteins. The ratio of Bcl-2 and Bax has been used as a marker representing the apoptosis effect. In the present study, we investigated the expression of Bcl-2 and Bax in both RNA level and protein level. We found that Bcl-2/Bax at both levels in the Leonurine group were significantly increased compared with that in the NS group. This indicates Leonurine induced anti-apoptosis effects by increasing the anti-apoptosis protein Bcl-2 and decreasing the pro-apoptosis protein Bax.
Besides, caspase3 is a potential member of caspase kinase family mediating cell apoptosis. Cleaved-caspase3 is able to be induced by Bax and leads to apoptosis. As a result, it serves as a marker for the extent of pro-apoptosis. In our study we also exhibited that MI surgery caused significant apoptosis effect in NS group with decreased caspase3 and largely increased cleaved-caspase3 expression. However treatment with Leonurine was able to reverse this phenomenon and significantly decreased the expression of the activated form of caspase3 and decreased the ration of cleaved caspase3/caspsase3 at the protein level. This phenomenon was useful to alleviate the activation of the apoptosis pathway and provide protective effects to myocardial myocytes.
T hu s d e c r e a s e d i n fa r c t si z e a n d i m p r ove d cardiac function of rats are largely due to the activation of PI3K /A KT/GSK3β signaling pathway and subsequent up-regulation of anti-apoptosis proteins Bcl-2, and down-regulation of pro-apoptosis protein Bax and cleaved-caspase3 caused by treatment of Leonurine. Besides, several reports exhibited that Leonurine shows the effect of anti-oxidation (29) , anti-inflammation (30), anti-myocardial fibrotic response (12) and enhancing mitochondrial function (31) , which probably participate in the cardio-protection in our study as well.
A limitation of the present study was that no inhibitor of PI3K/AKT/GSK3β was set up to further validate the signaling pathway mechanism because of insufficient Leonurine. The lab will design relative experiments to further illustrate this issue.
In conclusion, Leonurine induced cardiac protection effects in vivo in MI by activating the PI3K/AKT/GSK3β signaling pathway, which promoted the expression of anti-apoptosis proteins, decreased the expression of pro-apoptosis proteins and inhibits the activity of cleaved-caspase3. It indicates that Leonurine represents a promising drug in treating ischemic heart diseases.
